31 resistance and saline-alkali stress tolerance in transgenic tobacco and maize 32 33 Highlight: Overexpression of the LcCHI2 increased chitinase activity and enhanced 34 pathogen resistance and alkaline salt stress tolerance in both dicotyledonous and 35 monocotyledonous plants. 36 37 Liu et al., 2019 4 Abstract 38 Salinity and microbial pathogens are the major limiting factors for crop production. 39 Although the manipulation of many genes could improve plant performance under either 40 of these stresses, few genes have reported that could improve both pathogen resistance and 41 saline-alkali stress tolerance. In this study, we identified a new chitinase gene CHITINASE 42 2 (LcCHI2) that encodes a class II chitinase from a Chinese wildrye (Leymus Chinensis), 43 which grows naturally on alkaline-sodic soil. Overexpression of LcCHI2 increased 44 chitinase activity in transgenic plants. The transgenic tobacco and maize exhibited 45 improved pathogen resistance and enhanced both neutral salt and alkaline salt stress 46 tolerance. Overexpression of LcCHI2 reduced sodium (Na + ) accumulation, 47 malondialdehyde content and relative electrical conductivity in transgenic tobacco under 48 salt stress. In addition, the transgenic tobacco showed diminished lesion against bacterial 49 and fungal pathogen challenge, suggesting an improved disease resistance. Similar 50 improved performance was also observed in LcCHI2-overexpressed maize under both 51 pathogen and salt stresses. It is worth noting that this genetic manipulation does not impair 52 the growth and yield of transgenic tobacco and maize under normal cultivation condition. 53 Apparently, application of LcCHI2 provides a new train of thought for genetically 54 engineering saline-alkali and pathogen resistant crops of both dicots and monocots. 55 56 Tobacco 59 157 positive clones, the final construct pBI121-35s::LcCHI2-NOS were transformed into 158 Agrobacterium strain EHA105. Transgenic tobacco plants were produced by using
Introduction
The biotic and abiotic stresses, such as pathogens and salinity, severely affected crop 62 growth and agricultural productivity worldwide. According to incomplete statistics of 63 UNESCO and FAO, 950 million ha (6.4%) of the world's land area has saline-alkali soil, 64 and about 10% of this area is found in China. The alkaline soils of China contains high 65 levels of Na 2 CO 3 and NaHCO 3 (Wang et al., 1993) . Only few species of plants could grow 66 in such soils and they are sparsely distributed. Chinese wildrye (Leymus Chinensis), a 67 perennial grass of family gramineae, grows naturally on alkaline soil, suggesting the 68 existence of such a mechanism. Apparently, identification of functional genes specifically 69 responsible for stress tolerance would be a prerequisite of crop improvement through 70 biotech breeding. 71 Chitinase is one of the important enzyme family that has been found to involve in such 72 a mechanism of divergent biological functions. Chitinases (EC 3.2.1.14) are a family of 73 glycosyl hydrolases (GHs) responsible for the hydrolysis of the chitin polymer (a 74 β -1,4-linked N-acetylglucosamine), a structural component found in the cell walls of fungi, 75 insects, a variety of crustaceans and nematode eggs (Kesari et al., 2015) . Interestingly, 76 although the chitin is not present in plants, different subgroups of chitinase genes were 77 identified in plants (Kesari et al., 2015) . Plant chitinase proteins are generally divided into 78 six classes, I to VI (Patil et al., 2000) . The classes III and V belong to the GH18 family, 79 whereas class I, II, IV and VI belong to the GH19 family (Patil et al., 2000) . Both families 80 exhibit diversity in their nucleic acid sequences, protein structures, substrate specificities, 81 sensitivity to inhibitors and mechanisms of catalysis. Along with active chitinases, the 82 plant genome also consists of a large number of sequences encoding catalytically inactive 83 chitinases that are referred to as chitinase-like (CTL) proteins (Kesari et al., 2015) . A few 84 studies suggested that the likely substrates of plant CTL proteins may be arabinogalactan 85 protein, chitooligosaccharides, N-acetylchitooligosaccharides and other 86 GlcNAc-containing glycoproteins or glycolipids, but the substrates of most plant CTL 87 proteins remain uncertain (Sanchez-Rodriguez et al., 2012; Zhong et al., 2002; van Hengel 88 et al., 2001) . The intrinsic diversities of plant chitinase imply that the chitinase/CTL genes 89 likely have a broad function. 90 Because chitin is the major component of fungal cell walls, earlier studies on the role of 91 chitinase genes focused extensively on its involvement in plant defense responses to 92 fungal pathogen infection (Verburg and Huynh, 1991; Brogue et al., 1991) . Chitinase gene expression in plant tissues is strongly induced by fungal pathogens and chitin 94 oligosaccharides (Seo et al., 2008; Hong and Hwang, 2002) . Interestingly, the expression 95 of chitinase gene responded also to infection of viruses, bacteria and oomycetes, which do 96 not have chitin or related structures in their cell wall (Hong and Hwang, 2006; van Loon et 97 al., 2006) . Accordingly, a number of plant chitinases are defined as classic 98 pathogenesis-related proteins (PRs) including PR-3, -4, -8 and -11 families (van Loon et 99 al., 2006) . Overexpression of these PR proteins conferred resistance to plant disease in 100 different plant species (Brogue et al., 1991; Yamamoto et al., 2000; Tabaeizadeh et al., 101 1999; Nishizawa et al., 1999; Shin et al., 2008; Takahashi et al., 2005) . 102 Plants chitinase and CTL genes play a role not only in defense related processes but also 103 in abiotic stress tolerance. In Arabidopsis thaliana, the AtPR3 gene which encodes a class 104 II chitinase was induced by high salt (Seo et al., 2008) . The pepper class II basic chitinase 105 gene CaChi2 was induced by salt, drought and osmotic stresses Hwang, 2002, 106 2006 ). The expression of ptch28 from Lycopersicon chilense plants induced by osmotic 107 and abscisic acid (Chen et al., 1994) . In addition to salt, osmotic and drought stresses, 108 expression of the class II chitinase gene from Bermuda grass was reported to be 109 up-regulated by cold stress and function as an antifreeze protein (Nakamura et al., 2008) . 110 Similarly, in winter rye (Secale cereal) and highbush blueberry, cold stress induced the 111 chitinase like proteins, which showed antifreeze activity in vitro (Yeh et al., 2000; Kikuchi 112 and Masuda, 2009). Interestingly, most of the reported chitinase genes that responsive to 113 both biotic and abiotic stresses belonged to the class II family and homologue to PR3 114 proteins ( Figure S1 ). Furthermore, overexpression of these PR3 genes, such as AtPR3 and 115
CaChi2, significantly increased the salt resistance of the transgenic plants (Seo et al., 2008; 116 Hong and Hwang, 2006) . In contrast, mutation of the AtCTL1 resulted in oversensitive to 117 salt and drought stresses (Kwon et al., 2007) . (Hoekema et al., 1983) . (Frame et al., 2002) . 
Results

251
Cloning and characterization of LcCHI2 from Chinese wildrye 252 According to the EST sequence information from literature (Jin et al., 2006) CaCHI2) ( Figure S1 ). LcCHI2 showed more than 95% homology to HvPR3, TaPR3 and 263 ScCHI46 and 71% homology to CaCHI2 ( Figure S2A ). Multiple protein alignment 264 revealed two conserved chitinase family 19 signature domains in all the five orthologes 265 ( Figure S2B ). However, an N-terminal secretive signal peptide only found in LcCHI2 and 266 its monocot orthologes ( Figure S2B ). Figure 1A) . Similarly, the expression of 274 LcCHI2 increased more than 2-fold under 100 mM Na 2 CO 3 after 12 and 24 hours 275 treatment compared with the control plant ( Figure 1A) . Subsequently, the chitinase 276 activities were determined under NaCl and Na 2 CO 3 conditions after 24 hours treatment. 277 The results showed that chitinase activities increased by 4.3-fold and 2.6-fold after 24 278 hours exposure to 400 mM NaCl and 100 mM Na 2 CO 3 , respectively ( Figure 1B) . In Figure S4 ). However, 6 303 days after watering 400 mM NaCl or 100 mM Na 2 CO 3 , the wild-type seedlings showed 304 wilting phenotypes and ultimately died, whereas the transgenic tobaccos continued to 305 grow ( Figure S4) . 306 Because the overexpression of LcCHI2 increased salt stress tolerance other than 307 osmotic or drought stresses, sodium contents were determined in the roots and shoots of 308 WT and transgenic plants under normal and NaCl treatment conditions. As expected, NaCl 309 treatment significantly increased Na + content in the shoots and roots of WT and transgenic 310 plants ( Figure 3B, 3C) . The overexpression of LcCHI2 decreased the Na + content from 10% 311 to 33% in the shoots and from 11% to 22% in the roots of transgenic lines compared with 312 the corresponding WTs under NaCl treatment condition ( Figure 3B, 3C) . Meanwhile, the 313 Na + content showed a significantly decrease only in transgenic lines C10 and C15 other 314 than line C6, which is coincident with the strong resistance to sodium stress of the 315 transgenic lines C10 and C15 ( Figure 3A ). (Figure 5A, 5B ). Then these 355 transgenic plants were grown in normal and alkaline soils in the greenhouse ( Figure S7) . 356 There are no significant different between the growth of transgenic (Ox) and their respective non-transgenic plants in normal soil (null). However, the transgenic plants were 358 healthier than the corresponding null plants in alkaline soil. A significant increased plant 359 height and SPAD value were observed in transgenic plants compared their null plants 360 ( Figure S7B, S7C) . To further evaluate the effects of divergent salt stress on the transgenic 361 maize, two week-old plants were watered with 200 mM NaCl and 50 mM Na 2 CO 3 , 362 respectively. As expected, no significant differences were observed between the growths 363 of transgenic (Ox) and their respective null plants after six-day treatment with distilled 364 water ( Figure 6A, 6B) . In contrast, the overexpression plants showed resistance to NaCl or 365 Na 2 CO 3 treatments other than the null plants ( Figure 6C, 6D) . Although NaCl or Na 2 CO 3 366 treatments increased the relative electrical conductivity and MDA content in both 367 overexpression and null plants, the magnitudes of the overexpression plants were 368 significantly lower than null plants ( Figure 6E, 6F) . In this study, the full-length cDNA of a chitinase-like gene was cloned and named as 387 LcCHI2, which was first identified from an EST library in Leymus Chinensis under 388 Na 2 CO 3 stress (Jin et al., 2006) . The cDNA-deduced protein sequence analysis indicated 389 that the LcCHI2 contains two conserved domains including the signature 1 (PS00773) and 390 signature 2 (PS00774) of glycosyl hydrolase 19 family ( Figure S2B ). Protein cluster analysis indicates that LcCHI2 belongs to class II chitinase ( Figure S1 ). Several members 392 of the class II chitinase proteins, such as AtPR3 and pcht28, were reported to have the 393 typical chitinase activity and overexpression of those chitinase genes could increase 394 chitinase activity in transgenic plants (Verburg and Huynh, 1991; Tabaeizadeh et al., 1999; 395 Chen et al., 1994) . In this study, a significantly increased chitinase activity was positively 396 correlated with the up-regulation of LcCHI2 in Leymus Chinensis under both NaCl and 397 Na 2 CO 3 stress condition. Moreover, the transgenic tobacco and maize plants that 398 overexpressed LcCHI2 also showed higher chitinase activity than control plants. 399 Interestingly, protein alignment indicated that LcCHI2 and its homologues contain an N 400 terminal secretary signal peptide ( Figure S2B) . These results supported that LcCHI2 is a 401 secreted active chitinase in Leymus Chinensis.
402
Different types of chitinases were induced by differential pathogen attack and have been 403 characterized as pathogenesis-related (PR) proteins (Kesari et al., 2015; van Loon et al., 404 2006) . Phylogenic analysis showed that LcCHI2 is a homologue of several reported PR3 405 proteins, including TaPR3, HvPR3, CaCHI2, pcht28 and AtPR3 ( Figure S2 ) (Verburg and 406 Huynh, 1991; Hong and Hwang, 2002; Tabaeizadeh et al., 1999; Shin et al., 2008; Scheler 407 et al., 2016) . These PR3 proteins were proposed to be involved in plant defense responses. 408 Plant chitinases were thought to degrade the major structural polysaccharide of fungal cell 409 walls in the intercellular space to limit fungal growth (Brogue et al., 1991) . The purified 410 AtPR3 protein showed antifungal chitinase activity and inhibited the growth of 411 Trichoderma reesei in vitro (Verburg and Huynh, 1991) . The overexpression of chitinase 412 resulted in enhanced resistance in tomato, rice, Italian ryegrass and grapevine to 413 Verticillium dahlia ., Magnaporthe grisea, Puccinia coronata and Uncinula necator, 414 respectively (Yamamoto et al., 2000; Tabaeizadeh et al., 1999; Nishizawa et al., 1999; 415 Takahashi et al., 2005) . gene (Hong and Hwang, 2006) . In fact, chitinase expression in plant tissues is strongly 425 induced by infection with viruses and bacteria in addition to fungal pathogen (van Loon et 426 al., 2006) . Therefore, the PR3 type protein may inhibit the pathogen invasion by an 427 unknown mechanism other than directly degrading the chitin oligomers. 428 In addition to biotic stress, a number of cluster II chitinases were reported to be 429 involved in developmental and various abiotic responses. The ScCHT46 showed 92% 430 protein identify with LcCHI2 and encode a chitinase-antifreeze protein in winter rye (Yeh 431 et al., 2000) . The expression of ScCHT46 and its homologs in winter wheat, HvPR3, are 432 responsive to cold and drought (Yeh et al., 2000) . Moreover, it is reported that NaCl, 433 drought and Mannitol induces the expression of several class II chitinases, including 434 CaCHI2, pcht28 and AtPR3 (Seo et al., 2008; Hwang, 2002, 2006; Chen et al., 435 1994) . The overexpression of CaCHI2 increased the osmotic stress in Arabidopsis (Hong 436 and Hwang, 2006) . In contrast, a mutation of AtPR3 affected the seeds geminating under 437 high salt (Seo et al., 2008) . Similarly, our results showed that the expression of LcCHI2 438 was up-regulated by Na + stress conditions including treatment with NaCl and Na 2 CO 3 . 439 Moreover, the activity of chitinase was increased under NaCl and Na 2 CO 3 stresses in 440 Chinese wildrye. Taking together, these results suggested that LcCHI2 play an important 441 role in abiotic stress tolerance similar to its homologues in other plants. 442 Interestingly, the overexpression of LcCHI2 showed a significant tolerance to NaCl and 443 Na 2 CO 3 treatments in both tobacco and maize but not to the osmotic or drought stresses. 444 These results implicated that the overexpression of LcCHI2 might assist to reduce Na + 445 ionic toxicity other than osmotic stress or improving water-use-efficiency stress. 446 Coincidence with this assumption, the Na + contents were decreased in the transgenic 447 tobacco under NaCl treatment. Recently, it is proposed that the amount of the carboxyl 448 groups on de-methesterified pectin could bind cations such as Na + and sequester more Na + 449 in the cell wall, which may contribute to salt stress resistance in plants (de Lima et al., 450 2014; Byrt et al., 2018; An et al., 2014) . However, we did not detect any significant 451 difference in the pectin content between transgenic and WT plants (data not show). Instead, 452 increased cellulose and decreased hemicelluloses were observed in the overexpression 453 lines compared with WT plants under salt treatment condition ( Fig S8) . This phenomenon 454 is reminiscent of the Na + sensitive mutant Atctl1, which affects the contents of cellulose 455 and extractability of hemicelluloses (Sanchez-Rodriguez et al., 2012; Hermans et al., 456 2011) . It is reported that mutation of AtCTL1 increased the Na + influx rather than defects in Na + efflux activity (Kwon et al., 2007) . Therefore, the overexpression of the LcCHI2, a 458 homologue of AtCTL1 (Fig S2) , may have an opposite effect and inhibit the Na + influx, 459 which could explain the deceased Na + content in LcCHI2 transgenic plants. 460 Although cell wall metabolism is rationally correlated with salt stress, the exact 461 mechanism is still largely unknown (Le Gall et al., 2015) . Mutation of AtCES8 (cellulose 462 synthase 8) or AtCSLD5 (cellulose synthase-like 5) resulted tolerance or hypersensitive to 463 salt stress, respectively (Zhu et al., 2010; Chen et al., 2005) . Moreover, mutation the 464 chitinase-like gene AtCTL1 reduced the cellulose content and led to salt-sensitive of 465 Arabidopsis (Sanchez-Rodriguez et al., 2012; Kwon et al., 2007) . Compared with dicot, 466 there has been no report on the modification of cell wall compound contributing to salt 467 tolerance in grass. In this study, the overexpression of LiCHI2 in both tobacco and maize 468 enhanced the salt and pathogen stress tolerances, suggesting similar roles of the chitinase 469 in dicot and grass. Although the overall architectures of plant cell walls are similar in that 470 they both consist of a network of cellulose fibers surrounded by a matrix of non-cellulosic 471 polysaccharides, the types and abundance of non-cellulosic polysaccharides are significant 472 different between grass and dicot cell walls (Vogel, 2008) . It seems that cellulose 473 represents the common component in plant cell walls and plays a pivotal role in regulating 474 the salt stress. The changed cellulose content may regulate cross-linking and rigidity of the 475 cell wall, which acts as a barrier for salt entrance or pathogen invasion. 476 Although a large number of alkali-responsive genes were reported from different plants, 477 a few have been cloned and characterized (Zhao et al., 2016) . Overexpression of the 478 alkali-stress-inducable RMtATP6 and NADP-ME 2 in rice and Arabidopsis enhanced the 479 tolerance against osmotic, NaCl and Na 2 CO 3 stresses (Liu et al., 2007; Zhang et al., 2006 (Kobayashi et al., 2012) . It is noted that all these studies were conducted in nutrient 483 solution or agar plate in laboratory. In contrast, we presented the performance of the 484 transgenic maize with natural alkaline soil or treated soil ( Figure S7) . Moreover, the 485 transgenic maize showed no penalty on growth and yield in field condition (Table S1) . 486 Therefore, we proposed that overexpression of LcCHI2 represent a potential strategy for 487 engineering biotic and alkaline resistance plants. Table S1 . Agronomic traits of transgenic maize grow in the field condition. 
